Purpose: To quantify in vitro labeling efficiency of protamine sulfate (PS) and poly-L-lysine (PLL) for labeling of human mesenchymal stem cells (hMSCs) with superparamagnetic iron oxide (SPIO) using multi-echo T2* magnetic resonance (MR) imaging at 4.7 T. Materials and Methods: The hMSCs were incubated with SPIO-PS or SPIO-PLL complexes. Their effects on the cell metabolism and differentiation capability were evaluated, respectively. The decrease of iron concentrations in the labeled cells were assessed immediately, and at 4 d after labeling using multi-echo T2* MR imaging at 4.7 T. The results were compared with those of Prussian blue colorimetry. Results: The hMSCs were labeled more efficiently by SPIO-PLL than SPIO-PS without any significant effect on cell metabolism and differentiation capabilities. It was feasible to quantify the iron concentrations in SPIO-agarose-phantoms and in agarose mixture with the labeled cells from T2* maps obtained from multi-echo T2* MRI. However, the iron concentration of the labeled cells was significantly higher by T2*-maps than the results of Prussian blue colorimetry. Conclusion: The hMSCs can be effectively labeled with SPIO-PLL complexes more than with SPIO-PS without significant change in cell metabolism and differentiation. In vitro quantification of the iron concentrations of the labeled is feasible from multi-echo T2* MRI, but needs further investigation.
INTRODUCTION
Human mesenchymal stem cell (hMSC) is one of minor populated adult stem cells in bone marrow, which can differentiate into adipocytes, chondrocytes, and osteocytes under controlled in vivo and in vitro environments. In comparison to embryonic stem cell, hMSC has advantages of easy isolation and a lesser degree of ethical concern. Based on these advantages, hMSC has been known to be a promising treatment option for various organ diseases and injuries (1, 2) .
In order to evaluate the effect of stem cell treatment, it is important to investigate the efficacy of stem cell delivery and to trace the route of stem cell migration. Although MRI does not provide the necessary sensitivity and contrast for imaging at cellular level, the endocytosis of magnetic labels allows cells to be tracked and localized (3) . The intracellular confinement of su-media (Mesenchymal stem cell growth medium; Ronza, Baltimore, MD, USA) were incubated in a 100 mm culture dish with 5% CO 2 at 37°C. hMSCs were labeled by a commercially available ferumoxides suspension (SPIO; Feridex IV; Berlex Laboratories, Wayne, NJ, USA; 11.2 mg/mL) with PLL or PS as a transfection agent. For comparison, control hMSCs were incubated without SPIO and transfection agents, while the others were with 50 µgFe/mL of SPIO and a different concentration of PLL (1.5 µg/mL and 2 µg/mL) or PS (10 µg/mL and 15 µg/mL), respectively.
In our preliminary study, labeling with high molecular PLL (> 300 kDa) shows severe SPIO aggregation around the cells, while low molecular PLL (1-4 kDa) presented significant lower labeling efficacy (not published). Therefore, moderate molecular weight PLL (4-15 kDa; Sigma, P6516) was used for this experiment ( Fig. 1) .
A stock of PLL solution prepared at 5 mg/mL was diluted to the concentration of 1 mg/mL with sterile distilled water and put into a mixing tube with 2 different concentrations (1.5 µg/ mL and 2 µg/mL). SPIO at a concentration of 50 µgFe/mL and serum-free DMEM medium was added continuously and mixed in a rotating shaker for 1 hr in 4°C cold room. The solution containing PLL-SPIO complex after adding the equal volume of serum containing medium applied to the hMSC culture dish and incubated for 24 hr. After incubation, the cells were washed 3 times with sterile phosphate-buffered saline (PBS).
Commercially available PS solution (Sigma, P4020) was diluted to the concentration of 1 mg/mL with distilled water and separated into a mixing tube with 2 different concentrations (10 µg/ perparamagnetic iron oxide (SPIO) particles induces a high susceptibility difference between the cells and the surrounding medium; the cells become detectable on the image as they appear as hyposignals that are much larger than the true cell size (4). Along with the content and relaxivity of loaded iron, imaging protocol is important for localization and tracking with cellular MRI, which has been widely investigated in vitro and in vivo by many researchers (3, (6) (7) (8) (9) (10) (11) . To enable future clinical application and accurate assessment of stem cell therapy, it is a important to develop and optimize methods for a qualitative and a quantitative analytic tool using MRI in vitro and in vivo. Therefore, the purpose of this study was to assess the feasibility of a quantitative analytic tool based on MRI for quantification of intracellular iron content with a reference standard of colorimetric assay.
MATERIALS AND METHODS

Cell Labeling with SPIO
hMSCs (Ronza, Baltimore, MD, USA) in standard culture Fig. 1 . Photomicrographs of Prussian blue stained labeled hMSCs with different molecular weight PLLs. A, Labeling with low molecular PLL (1-4 kDa, 2 μg/mL), B, moderate molecular weight PLL (4-15 kDa, 2 μg/mL), and C, with high molecular PLL (> 300 kDa, 2 μg/mL). In contrast to low molecular weight (A) and high molecular weight (C) PLLs, moderate molecular weight PLL labels hMSCs effectively without contamination of extracellular SPIO complexes (B) (Prussian blue staining, × 400 magnification). Note.-hMSCs = human mesenchymal stem cells, PLL = poly-L-lysine, SPIO = superparamagnetic iron oxide All of the above experiments were repeated in 3 times for statistical analysis.
Cellular Differentiation into Mesenchymal Lineage
To evaluate the capability of cellular differentiation, the la- To discriminate the significant differences among the groups Kruskal-Wallis were performed. Less than 0.05 of p-value considered to indicate a significant difference.
RESULTS
Cell Labeling
Prussian amount of SPIO-PLL complexes proportionate to the PLL concentration were observed around the cells, which completely disappeared at the second subculture (Fig. 2) . However, the 
Cellular Differentiation into Mesenchymal Lineage
The capacity of hMSCs to differentiate into osteogenic and However, the iron content was significantly higher for the labeled cells by 2.0 μg/mL of PLL than those by 1.5 μg/mL of PLL (8.22 ± 1.443 pg/cell vs. 5.98 ± 1.552 pg/cell, p-value < 0.05) (Fig. 9) .
Cellular MR Imaging
From the calibration curves plotted from the SPIO agarose where exp is exponential, and Fe, iron concentration.
From the above equations, the iron concentrations of the la- type, and transfection agent, the reported iron concentration for labeling of hMSCs using SPIO-PLL complexes is also variable from 5 pg/mL to 64 pg/mL according to the literature (9, 10, 13, 14) . From our results of the colorimetry, the iron concentrations were 5.5-7.8 pg/cell by SPIO-PLL complexes, which are in the range of those published in the articles (9, 10, 13, 14) . However, the iron concentrations measured by multi-echo T2* MR were significantly overestimated compared to those of the colorimetry, as 45-50 pg/mL by SPIO-PLL complexes. This trend was There are limitations in our study. The colorimetric assay for quantification of intracellular iron concentration was carried out for intact labeled cells, without any cytolytic process. Considering colorimetric assay is usually performed after cytolysis, this might be a factor of discrepancy in the results between colorimetric assay and T2* mapping using multi-echo T2* MR imaging.
In conclusion, hMSCs can be effectively labeled with SPIO-PLL complexes more than with SPIO-PS without significant change in cell metabolism and differentiation. Although quantification of the iron concentrations of the labeled cells in agarose mixture was feasible from T2* maps obtained from multi-echo T2* MRI, it has a tendency of significant overestimation compared to the results of Prussian blue colorimetry. Therefore, further investigation is still necessary for T2* MR-based analytic method to be used as a standard analytic tool in near future.
the sample preparation step is omitted for cellular MRI. On the contrary, the visibility of the labeled cells mainly affected by the intracellular iron concentration might be the most important factor for monitoring of the transplanted cells, which should be further investigated with future studies.
Another result of our study is that although both SPIO-PS and SPIO-PLL complexes were able to label the hMSCs effectively with no harmful effect on the cellular viability, proliferation, apoptosis and differentiation capability, the amount of intracellular incorporated iron was significantly larger by SPIO-PLL than SPIO-PS complexes, not only by Prussian blue colorimetry but also by T2* maps obtained from multi-echo T2* MR imaging at 4.7 T.
In detail, although all of the hMSCs incorporated blue colored irons within their cytoplasms either by PS or PLL, the degree of staining was more prominent by PLL, which became more prom- 
